1. Introduction {#sec1}
===============

Dilated cardiomyopathy (DCM) is defined by the presence of left ventricular dilatation and contractile dysfunction, in the absence of abnormal loading conditions and severe coronary artery disease \[[@bib1]\]. DCM is one of the most common causes of heart failure (HF) and the most common indication for heart transplantation worldwide \[[@bib1]\]. Mechanisms underlying DCM are very complicated and largely unclear, including inflammation and apoptosis, which lead to cell death and ventricular remodeling, and finally contribute to ventricular dilatation and HF. Loss of cardiomyocytes due to apoptosis is believed as the main contributor to progressive myocardial dysfunction in DCM \[[@bib2], [@bib3], [@bib4]\].

Pyroptotic cell death or pyroptosis was first identified as a pro-inflammatory programmed cell death in *Salmonella*-infected macrophages \[[@bib5]\], and has been proved crucial for controlling microbial infections. Accumulating evidence suggests that pyroptosis may contribute to a range of diseases, including autoimmune diseases, diabetes mellitus, nervous system-related diseases and cardiovascular diseases \[[@bib6],[@bib7]\]. However, to date, whether pyroptosis involves in the cell loss and progressive myocardial dysfunction of DCM is still unknown. There is still no *in vivo* evidence of cardiomyocytes pyroptosis in human heart tissues.

Pyroptosis is identified as inflammatory caspases (mainly caspase-1)-dependent programmed cell death, and closely associated with the activation of inflammasome. NLRP3 inflammasome is the well-known inflammasome and has been identified primarily in monocytes and macrophages, but recent studies demonstrate that NLRP3 inflammasome is activated in other type of cells such as cardiomyocyte \[[@bib8]\]. NLRP3 inflammasome formation in cardiomyocytes has potential to activate caspase 1 and induces pyroptosis \[[@bib9], [@bib10], [@bib11]\]. NLRP3 inflammasome activation generally includes two processes: a priming event that induces transcription of NLRP3 and precursors of caspase-1 (pro-caspase-1) and IL-1β (pro-IL-1β) via toll-like receptor (TLR)/NF-κB signaling, and a subsequent assembly of NLRP3 with the adaptor protein apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and pro-caspase-1. This assembly leads to auto-cleavage of pro-caspase-1, then mediates the maturation and secretion of pro-inflammatory cytokines such as IL-1β and IL-18 \[[@bib12]\]. In addition, caspase-1 can cleave gasdermin D (GSDMD) to yield an N-terminal cleavage product (GSDMD-NT), which induces pyroptosis by forming plasma membrane pores \[[@bib13]\]. The activation of NLRP3 inflammasome has been linked to key cardiovascular risk factors, including hyperlipidemia, diabetes, obesity and hyperhomocysteinemia \[[@bib6]\], and an enhanced inflammatory response is frequently observed in DCM patients \[[@bib14],[@bib15]\], however, whether NLRP3 inflammasome influences DCM remains unidentified so far.

Acquired causes of DCM include myocarditis and exposure to alcohol, drugs and toxins, and metabolic and endocrine disturbances \[[@bib1]\]. Doxorubicin (Dox), a kind of anthracycline antibiotics with a broad spectrum of anti-tumor activity, is reported to induce DCM in patients exposed to Dox \[[@bib16]\]. Animal model of DCM is established by Dox and used in the study of DCM \[[@bib17], [@bib18], [@bib19]\]. Studies demonstrate that inflammation and apoptosis are involved in Dox-induced cardiomyopathy \[[@bib20],[@bib21]\], however, whether the activation of NLRP3 inflammasome and pro-inflammatory pyroptosis contribute to Dox-induced DCM remains elusive.

The current study aims to investigate whether pyroptosis occurs in heart tissues of DCM patients and mice and contributes to the progressive myocardial dysfunction, and dissect the underlying mechanism.

2. Materials and methods {#sec2}
========================

2.1. Reagents and antibodies {#sec2.1}
----------------------------

Dox and GKT137831 (specific dual NOX (nicotinamide adenine dinucleotide phosphate (NADPH) oxidase) 1 and NOX4 inhibitor) were obtained from Selleck Chemicals (Houston, USA). Diphenyleneiodonium chloride (DPI) (NOX inhibitor), N-acetyl-[l]{.smallcaps}-cysteine (NAC) and mitoTEMPOL (mitochondria-targeted antioxidant agent) were purchased from Sigma-Aldrich (St Louis, Mo, USA). MCC950 (NLRP3 inflammasome inhibitor) and Mdivi-1 were purchased from MedChem Express (New Jersey, USA). *Z*-YVAD-FMK (YVAD), specific caspase-1 inhibitor, was purchased from Santa Cruz Biotechnology (California, USA). Cell culture reagents were obtained from Invitrogen (Carlsbad, CA, USA). Primary antibodies information (name, company, catalogue number, molecular weight) is shown in [Supplemental Table 1](#appsec1){ref-type="sec"}. All other reagents were from Sigma unless stated otherwise.

2.2. Bioinformatic tools {#sec2.2}
------------------------

All expression profiling data analyzed in this study were downloaded from GENE EXPRESSION OMNIBUS (GEO, <http://www.ncbi.nlm.nih.gov/geo>). Data from GEO series **GSE84796** and **GSE111544** was analyzed using Gene Set Enrichment Analysis (GSEA). The differentially expressed genes in myocardial tissues between the DCM patients and healthy controls were subjected to GO analysis performed with DAVID Bioinformatics Resources 6.7 (<http://david.abcc.ncifcrf.gov/>) and GSEA analysis with GSEA v2.0.13 software.

2.3. Human myocardial and blood samples collection {#sec2.3}
--------------------------------------------------

Human myocardial specimens were collected from the left ventricle free wall of explanted hearts of non-ischemic DCM hearts during cardiac transplantation (n = 9) and brain-dead donor hearts with no history of heart disease (n = 9) at the first affiliated hospital of Sun Yat-sen university. These DCM patients had New York Heart Association (NYHA) functional classification of Ⅲ-Ⅳ and without previous history of hypertension, coronary diseases, valvular heart disease and diabetes mellitus. Heart samples were immediately frozen in liquid nitrogen and stored at −80 °C or fixed in 4% paraformaldehyde for pathological analysis. Blood was collected, and plasma was separated and stored at −80 °C until further analysis. The human study was approved by the Institutional Ethics Committee of the first affiliated hospital of Sun Yat-sen university. The investigation conforms to the principles outlined in the Declaration of Helsinki (Br Med J 1964; ii: 177) with written informed consent from all subjects.

2.4. Animal protocol {#sec2.4}
--------------------

Wild type (WT), *NLRP3*^−/−^ and *caspase-1*^*−/−*^ mice (C57BL/6J genetic background, 10 weeks, half of female and male) were obtained from ViewSolid Biotech (Beijing, China). Mice genotype was identified by DNA sequencing technology. To induce DCM, mice were injected with a cumulative dose of 12 mg/kg Dox or equivalent volume of vehicle control via three weekly injections (4 mg/kg i.p. at 0, 7, and 14 days), and subsequent analyses were performed 6 weeks after the first injection \[[@bib22]\]. To investigate the role of NOX1 and NOX4 *in vivo*, C57BL/6J mice were fed by gavage with either GKT137831 (dual inhibitor of NOX1 and NOX4) (60 mg/kg) or solvent once a day after the first Dox injection. All mice were kept in certified specific pathogen-free facilities maintained around 24 °C with a 12-h light/dark cycle and free access to food and water. At the end of the experiment, mice were sacrificed; heart tissues and blood samples were collected. Plasma was separated and stored at −80 °C until further analysis. The animal experiments were approved by the Animal Care and Use Committee of Sun Yat-sen University. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).

2.5. Mouse echocardiography {#sec2.5}
---------------------------

Echocardiography was performed prior to sacrifice using the Visualsonics imaging system (Vivo 2100, Toronto, Canada) with the mice under isoflurane anesthesia as previously described \[[@bib23]\]. Echocardiography dimensions (wall thickness and chamber diameter) were obtained using software included in the Visualsonics system.

2.6. Histologic analysis {#sec2.6}
------------------------

Heart tissues were fixed in 4% paraformaldehyde and then embedded in paraffin. 5 μm sections were collected and subjected to hematoxylin and eosin (HE) and Masson\'s trichrome staining. For transmission electron microscopic (TEM) observation of ultrastructural changes, myocardial tissues were cut into 1 mm^3^ tissue blocks and fixed with 3% glutaraldehyde and 4% paraformaldehyde in 0.1 mol/L phosphate buffer. After dehydration with ethanol, the samples were embedded in Durcupan resin for ultra-thin sectioning and TEM examinations.

2.7. Cell culture {#sec2.7}
-----------------

H9c2 cardiomyocytes were purchased from ATCC (Manassas, VA) and cultured in Dulbecco\'s modified Eagles medium (DMEM) supplemented with 10% fetal bovine serum (FBS), in a humidified atmosphere with 5% CO~2~ at 37 °C. After reaching confluence, cells were switched to serum-free medium for 4 h before proceeding with further experiments. Primary neonatal rat ventricular cardiomyocytes (NRVCs) were isolated from 1- to 3-day-old neonatal SD rats as described \[[@bib24]\]. Briefly, hearts were minced and dispersed in a series of incubations at 37 °C in Hank\'s solution containing 1.2 mg/mL pancreatin and 0.14 mg/mL collagenase. After centrifugation, cells were re-suspended in DMEM containing 10% new born calf serum, 100 units/mL penicillin, 100 g/mL streptomycin, and 0.1 mmol/L bromodeoxyuridine. The dissociated cells were pre-plated at 37 °C for 1.5 h. The cells were then diluted and plated in different culture dishes according to the specific experimental requirements. To investigate whether Dox activated NLRP3 inflammasomes *in vitro,* cells were treated with different concentrations of Dox for 24 h. In some experiments, H9c2 cells were pretreated with NAC (1 mmol/L) for 1 h, DPI (20 μmol/L) for 1.5 h, GKT137831 (1 μmol/L) for 1 h, mitoTEMPOL (20 μmol/L) for 0.5 h, or Mdivi-1 (1 μmol/L) for 1 h, and then stimulated with Dox (5 μmol/L) for 24 h. Cells were then processed for further examination such as immunofluorescence microscopy of mitochondrial fission and Western blot.

2.8. Immunofluorescent staining (including *in vivo* pyroptosis and apoptosis analysis) {#sec2.8}
---------------------------------------------------------------------------------------

Immunofluorescent staining protocol was according to our previous report \[[@bib25]\]. In brief, heart cryostat sections (4 μm) or cell cultured chamber slides were fixed with 4% paraformaldehyde, blocked with 10% FBS and permeabilized with Triton X-100. The slides were then double immunofluorescent stained with anti-α-actinin (cardiomyocyte marker) and anti-ASC antibodies overnight at 4 °C. After washing with PBS, the cells were incubated with secondary antibodies (Abcam, Cambridge, UK) for 1 h at room temperature. After being mounted with DAPI-containing mounting solution, the slides were subjected to examinations using a confocal laser scanning microscope (LSM780, Zeiss, Germany). For further discrimination the pyroptotic cells from the apoptotic cells in heart tissues, triple-immunostaining of active caspase-1, TdT-mediated dUTP nick end labeling (TUNEL) and α-actinin was performed on heart cryostat sections. Active caspase-1^+^/TUNEL^+^ cells were designated as pyroptotic cells, and active caspase-1^-^/TUNEL^+^ cells as apoptotic cells. The percentage of TUNEL^+^, pyroptotic and apoptotic cells were respectively counted in both cardiomyocytes and all types of cells. For each myocardial specimen, 5 fields in each heart section were randomly checked, and the average value was measured. The analysis was performed by a single observer blinded to group allocation.

2.9. Mitochondrial morphology analysis {#sec2.9}
--------------------------------------

For mitochondrial fission assay, after indicated treatments, cells were incubated with 200 nmol/L MitoTracker Red CMXRos (Molecular Probes, Invitrogen, USA) for 20 min at 37 °C. The structure of mitochondria was viewed by confocal scanning microscopy (LSM780, Zeiss, Germany).

2.10. Measurement of intracellular and mitochondrial ROS levels {#sec2.10}
---------------------------------------------------------------

Intracellular reactive oxygen species (ROS) and mitochondrial ROS were measured by dichloro-dihydro-fluorescein diacetate (DCFH-DA) and MitoSOX™ Red assays (Invitrogen, Carlsbad, CA, USA) based on the manufacturers' instructions, respectively. Briefly, cells were incubated in DMEM with DCFH-DA (10 μmol/L) for 20 min or MitoSOX™ Red (5 μmol/L) for 15 min at 37 °C, and then washed with PBS. The intensity of fluorescence was recorded using a flow cytometer (BECHMAN COULTER, Cytoflex) (at 530 nm for DCFH-DA and 585 nm for MitoSOX).

2.11. Flow cytometry analysis for cell pyroptosis {#sec2.11}
-------------------------------------------------

To assess pyroptosis in cardiomyocytes, cells were treated with Dox (5 μmol/L) in the presence or absence of caspase-1 inhibitor YVAD (50 μmol/L) or NLRP3 inhibitor MCC950 (10 μmol/L) for 24 h, or cells were preincubated with GKT137831 (1 μmol/L) or Mdivi-1 (1 μmol/L) for 1 h and then treated with Dox (5 μmol/L) for 24 h. The cells were trypsinized, stained with active caspase-1 and 7-aminoactinomycin D (7-AAD) for 15 min in 37 °C, and then subjected for Flow cytometry (BECHMAN COULTER, Cytoflex) analysis. Active caspase-1 was determined using the FAM-YVAD-FMK caspase-1 detection kit (Cell technology, Mountain View, CA, USA) according to the manufacturer\'s protocol. 7-AAD stains the core of pyroptotic cells through membrane pore formation. Active caspase-1^+^/7-AAD^+^ cells were defined as pyroptosis population.

2.12. LDH release assay {#sec2.12}
-----------------------

The release of lactate dehydrogenase (LDH) into the supernatant was regarded as an indicator of cytotoxicity. After indicated treatments, culture supernatants were harvested, and the LDH levels were determined using the LDH Release Assay Kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the manufacturer\'s instruction. The absorbance of samples was measured at 440 nm using a microplate reader (Thermo fisher scientific, Mass, USA).

2.13. Western blot analysis {#sec2.13}
---------------------------

Proteins from human heart tissues, mouse heart tissues or cell lysates were collected. Western blot was performed using standard method. Membranes were incubated with specific antibodies against NF-κB, p-Ser536-NF-κB, NLRP3, Caspase-1, IL-1β, IL-18, GSDMD, NOX1, NOX2, NOX4, dynamin-related protein 1 (Drp1), p-Ser616-Drp1, p-Ser637-Drp1 and β-actin, respectively. Protein bands were analyzed by a ChemiDoc™ Touch Imaging System (Bio Rad, CA, USA). Quantification of band intensity was carried out using Image J software (NIH, Bethesda, MD, USA).

2.14. ELISA assay of IL-1β and IL-18 {#sec2.14}
------------------------------------

The concentrations of the pro-inflammatory cytokines IL-1β and IL-18 in the plasma of mice or human were determined by the use of commercial ELISA kits (Human or mice sensitive kits for IL-1β and IL-18, MultiSciences Biotech, shanghai, China). Meanwhile, IL-1β in the culture media of H9c2 cells was also measured by ELISA assay (Rat sensitive kits for IL-1β, MultiSciences Biotech, shanghai, China) according to the manufacturer\'s instruction.

2.15. Statistics analysis {#sec2.15}
-------------------------

Results are expressed as mean ± SD. All *in vitro* experiments were performed at least three times. Correlation analysis was performed by Pearson chi-square test. Statistical comparison between 2 groups was performed via Student\'s *t*-test (data with normal distribution and homogeneity of variance) or Mann-Whitney test (data not normally distributed or without homogeneity of variance). Statistical comparison among multiple groups was carried out by one-way ANOVA followed by LSD test (data with normal distribution and homogeneity of variance) or Kruskal-Wallis test followed by Dunn\'s test (data not normally distributed or without homogeneity of variance). Data were analyzed using Graphpad Prism 6.02 software. *P* \< 0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. NLRP3 inflammasomes are activated in heart tissues from non-ischemic DCM patients {#sec3.1}
--------------------------------------------------------------------------------------

To check if inflammasome signals are involved in DCM progression, we first performed GSEA using data from DCM patient dataset (**GSE84796** and **GSE111544**). We found that inflammation response, TLR and Nod-like receptor (NLR) pathways were enriched in both chagasic DCM (cDCM) patients and idiopathic DCM (iDCM) patients ([Fig. 1](#fig1){ref-type="fig"}A), and expressions of NLRP3 inflammasome/IL-1β axis were significantly higher in DCM hearts than in healthy control ([Fig. 1](#fig1){ref-type="fig"}B), indicating that inflammasome are associated to DCM progression \[[@bib26],[@bib27]\].Fig. 1**NLRP3 inflammasomes are activated in heart tissues from non-ischemic DCM patients**. (A) The enrichment results of inflammatory response, TLR and NLR signature genes in the myocardial tissues of DCM patients (data from GEO data-set **GSE84796** and **GSE111544**) (n = 31). (B) Heatmap showing the expression of NLRP3 inflammasome components, IL-1β, IL-18, NOX1, NOX2 and NOX4 in myocardial tissues of cDCM patients (n = 10), iDCM patients (n = 14) and normal controls (n = 7) (data from GEO data-set **GSE84796** and **GSE111544**). ^\#^ indicated that control *vs* iDCM, *p* \> 0.05. (C) HE and Masson\'s trichrome staining of heart tissues. (D) Immunofluorescent staining showing ASC specks formation in cardiomyocytes. (E) Representative immunoblots of the indicated proteins in myocardial tissues and the corresponding quantification (n = 9). (F) Plasma levels of IL-1β and IL-18 (n = 9). Casp-1: caspase-1. \**p \< 0.05,* \*\**p \< 0.01,* \*\*\**p \< 0.001* and \*\*\*\**p \< 0.0001* vs control group.Fig. 1

To explore whether NLRP3 inflammasome activation is present in DCM hearts, myocardial specimens were collected from non-ischemic DCM patients with end-stage HF and control donors. The patients\' clinical and echocardiographic characteristics were summarized in [Table 1](#tbl1){ref-type="table"}. Heart lesions were confirmed by HE and Masson\'s trichrome staining ([Fig. 1](#fig1){ref-type="fig"}C). NLRP3 inflammasome was activated as evidenced by ASC specks formation in cardiomyocytes and the cleavage of caspase-1, IL-1β and IL-18 ([Fig. 1](#fig1){ref-type="fig"}D--E). Priming of NLRP3 inflammasomes also accompanied DCM progression, as evidenced by the increased expression and phosphorylation of NF-κB in patients with DCM ([Fig. 1](#fig1){ref-type="fig"}E). Plasma IL-1β and IL-18 of DCM patients were significantly higher than those of healthy controls ([Fig. 1](#fig1){ref-type="fig"}F). All these results strongly indicated that NLRP3 inflammasome is activated in the myocardial tissues of non-ischemic DCM patients and may contribute to cardiac dysfunction.Table 1Clinical characteristics of DCM patients.Table 1DCM1DCM2DCM3DCM4DCM5DCM6DCM7DCM8DCM9Age (years)60585250303912514243.8 ± 15.2Gender maleYYYYYYYYYPrior hypertensionNNNNNNNNNCoronary diseasesNNNNNNNNNValvular heart diseaseNNNNNNNNNDiabetes mellitusNNNNNNNNNNYHA class4333333443.3 ± 0.5NT-ProBNP (pg/mL)6929205731,263626.24245106516212137409.45594.7 ± 9841.3Hemoglobin (g/L)109131147115155126136132164135.0 ± 17.9Hematocrit0.4530.3940.4260.3470.3580.3650.4120.3820.4970.404 ± 0.049Total cholesterol (mmol/L)5.74.894.65.12.55.84.35.25.2 ± 1.7Duration of disease (months)240180310810608192589.6 ± 93.6**Echo-Doppler study**LVEF (%)29122018252617202721.6 ± 5.6LVESD (mm)52866772596357906467.8 ± 12.9LVEDD (mm)60917479687262997375.3 ± 12.8LAD (mm)46493569555343694751.8 ± 11.3[^2]

3.2. Pyroptosis is occurred in heart tissues from non-ischemic DCM patients {#sec3.2}
---------------------------------------------------------------------------

Given NLRP3 inflammasome activation is closely related to pyroptosis, we further investigated whether pyroptosis was occurred in the myocardium of non-ischemic DCM patients. GSDMD-NT is the executor of pyroptosis, and the cleavage of GSDMD is used as an important indicator for evaluating pyroptosis \[[@bib13]\]. Compared to control hearts, GSDMD was cleaved obviously in the myocardial tissues of all nine DCM patients ([Fig. 2](#fig2){ref-type="fig"}A), indicating the presence of pyroptosis in all DCM hearts.Fig. 2**Pyroptosis is occurred in heart tissues from non-ischemic DCM patients**. (A) Representative immunoblots and the corresponding quantification of the cleavage status of GSDMD (n = 9). (B) Triple-immunostaining of active caspase-1, TUNEL and α-actinin. Red arrows: pyroptotic cardiomyocytes (active caspase-1^+^/TUNEL^+^/α-actinin^+^ cells), white arrow: pyroptotic non-cardiomyocytes (active caspase-1^+^/TUNEL^+^/α-actinin- cells), blue arrows: apoptotic cardiomyocytes (active caspase-1-/TUNEL^+^/α-actinin^+^ cells). (C) The ratio of pyroptotic cells to apoptotic cells in all types of cells or in cardiomyocytes (n = 9) and (D) the ratio of cardiomyocytes to non-cardiomyocytes in all pyroptotic cells or apoptotic cells in DCM heart tissues (n = 9). (E) Correlationship of EF with TUNEL positive, pyroptotic and apoptotic cardiomyocytes in DCM patients (n = 9). \*\**p \< 0.01 vs* control group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

To further confirm the presence and extent of pyroptosis in DCM patients, triple-immunostaining of active caspase-1, TUNEL and α-actinin was performed. For each heart section, 5 fields were randomly checked, and 1442 to 2081 cells were counted in DCM patients respectively. Pyroptotic cell death was obviously observed in heart tissues of all nine DCM patients, in contrast, no pyroptotic cell observed in control hearts ([Fig. 2](#fig2){ref-type="fig"}B). Interestingly, the number of TUNEL and active caspase-1 double positive cells were less than TUNEL single positive cells, indicating the heart cell death is not totally attributed to pyroptotic cells, but with some apoptotic cells. In patients with DCM, the pyroptotic cells were not evenly distributed, but clustered together ([Fig. 2](#fig2){ref-type="fig"}B). Among the TUNEL-positive cell population, the pyroptotic cells were more than apoptotic cells ([Fig. 2](#fig2){ref-type="fig"}C), and both pyroptotic and apoptotic cells were majority of cardiomyocytes ([Fig. 2](#fig2){ref-type="fig"}D). Importantly, the percentage of pyroptotic cardiomyocytes was significantly higher than the percentage of apoptotic cardiomyocytes in the heart tissue of DCM patients (11.62 ± 5.30 *vs* 7.57 ± 2.86, *p* \< 0.01) ([Fig. 2](#fig2){ref-type="fig"}C, [Table 2](#tbl2){ref-type="table"}), suggesting that pyroptosis may play a more important role than apoptosis in DCM progression. The left ventricular EF was negatively related to TUNEL positive, pyroptotic or apoptotic cardiomyocytes respectively ([Fig. 2](#fig2){ref-type="fig"}E), indicating that cardiomyocyte death contributes to the progressive myocardial dysfunction in DCM.Table 2Percentage of TUNEL^+^, pyroptotic and apoptotic cardiomyocytes in DCM patients.Table 2Patient No.TUNEL^+^ cardiomyocytes (%)Pyroptotic cardiomyocytes (%)Apoptotic cardiomyocytes (%)DCM113.157.116.04DCM232.4719.6912.78DCM314.558.236.31DCM431.2519.3011.95DCM517.8410.267.58DCM621.1613.917.25DCM719.3813.006.38DCM89.164.504.66DCM913.758.605.14Mean ± SD19.19 ± 8.0311.62 ± 5.30\*\*7.57 ± 2.86[^3]

3.3. NOX1 and NOX4 are associated to cleavages of caspase-1 and GSDMD in DCM patients {#sec3.3}
-------------------------------------------------------------------------------------

As showed in [Supplementary Fig. 1A](#appsec1){ref-type="sec"}, ROS pathway was also identified to be closely related with DCM in GEO data-set (**GSE84796** and **GSE111544**). Given that NOXs-derived ROS have potential for activation of NLRP3 inflammasomes \[[@bib28]\], we investigated whether NOX expression was related to NLRP3 inflammasomes activation in the myocardial tissues of DCM patients. Immunoblots revealed that expressions of NOX1 and NOX4, but not NOX2, were elevated in DCM hearts, and NOX1 and NOX4 expression were positively correlated with the cleaved caspase-1 and GSDMD-NT in the myocardial tissues of DCM patients ([Fig. 3](#fig3){ref-type="fig"}A--D). These results are consistent with those derived from iDCM patient dataset (**GSE111544**) ([Fig. 1](#fig1){ref-type="fig"}B; [Supplementary Figs. 1B--C](#appsec1){ref-type="sec"}). All these data indicated that upregulations of NOX1 and NOX4 might be involved in NLRP3 inflammasome activation and pyroptosis in DCM progression.Fig. 3**NOX1 and NOX4 are associated with the cleavage of caspase-1 and GSDMD in non-ischemic DCM patients**. (A) Representative immunoblots and the corresponding quantification of NOX1, NOX2 and NOX4 (n = 9). (B) Immunoblots of the indicated proteins in myocardial tissues in all nine DCM patients (n = 9). The relative expression level of each protein are quantified and shown under each blots. (C--D) Correlationship of the cleaved caspase-1 (C) or GSDMD-NT (D) with NOX1 and NOX4 in myocardial tissues of DCM patients (n = 9). Casp-1: caspase-1. \**p \< 0.05* and \*\**p \< 0.01 vs* control group.Fig. 3

3.4. NLRP3 inflammasome-mediated pyroptosis via caspase-1 contributes to dox-induced DCM {#sec3.4}
----------------------------------------------------------------------------------------

To further investigate the role of NLRP3 inflammasome and pyroptosis in non-ischemic DCM, DCM model in mice was successfully induced with Dox injection. Dox administration caused increased left ventricular end systolic diameter (LVESD) and left ventricular end diastolic diameter (LVEDD) along with decreased EF, fractional shortening (FS) and ratio of heart weight to body weight (HW/BW) ([Fig. 4](#fig4){ref-type="fig"}A--B). Myocardial damage by Dox was comfirmed by HE and Masson\'s trichrome staining ([Fig. 4](#fig4){ref-type="fig"}A). In addition, Dox-induced cardiac dysfunction and myocardial damage were associated to NLRP3 inflammasome activation and pyroptosis, which were evidenced by increased expression of NLRP3, enhanced cleavage of caspase-1, IL-1β, IL-18 and GSDMD in the myocardial tissues ([Fig. 4](#fig4){ref-type="fig"}C). Consistent with the results from human DCM patients, priming signal NF-κB, as well as NOX1 and NOX4 expressions were also upregulated by Dox treatment ([Fig. 4](#fig4){ref-type="fig"}C). Importantly, either *NLRP3* or *caspase-1* konckout suppressed Dox-induced NLRP3 inflammasome activation and pyroptosis ([Fig. 4](#fig4){ref-type="fig"}C), and consequently alleviated Dox-induced cardiac dysfunction and myocardial damage ([Fig. 4](#fig4){ref-type="fig"}A--B). These results suggested that NLRP3 inflammasome-mediated pyroptosis via caspase-1 contributes to Dox-induced DCM.Fig. 4**NLRP3 inflammasome-mediated pyroptosis via caspase-1 contributes to Dox-induced DCM**. (A) Representative echocardiographic (Echo), HE and Masson\'s trichrome staining images. (B) Cardiac function index (n = 6). (C) Representative immunoblots and the corresponding quantification of the indicated proteins in myocardial tissues (n = 6). Casp-1: caspase-1. \**p \< 0.05*, \*\**p \< 0.01*, \*\*\**p \< 0.001* and \*\*\*\**p \< 0.0001*.Fig. 4

3.5. Dual inhibition of NOX1 and NOX4 attenuates NLRP3 inflammasome-mediated pyroptosis in DCM {#sec3.5}
----------------------------------------------------------------------------------------------

To broaden our observations in DCM patients, we investigated whether NOX1 and NOX4 inhibition could regulate NLRP3 inflammasome activation and pyroptosis. Inhibition of NOX1 and NOX4 with a specific inhibitor, GKT137831, attenuated Dox-induced cardiac dysfunction and myocardial damage ([Fig. 5](#fig5){ref-type="fig"}A--B). NLRP3 inflammasome activation and pyroptosis, as well as increased expression of NF-κB, were all inhibited by GKT137831 in Dox-treated heart tissues ([Fig. 5](#fig5){ref-type="fig"}C). In parallel with results from western blotting analysis, double immunofluorescent staining showed that Dox-induced ASC specks formation in cardiomyocytes was also attenuated by GKT137831 administration ([Fig. 5](#fig5){ref-type="fig"}D). All these indicated that NOX1 and NOX4 contributes to NLRP3 inflammasome activation and related pyroptosis in DCM.Fig. 5**Dual inhibition of NOX1 and NOX4 attenuates NLRP3 inflammasome-mediated pyroptosis in DCM**. (A) Representative echocardiographic (Echo), HE and Masson\'s trichrome staining images. (B) Cardiac function index (n = 6--8). (C) Representative immunoblots and the corresponding quantification of the indicated proteins (n = 6--8). (D) Immunofluorescent staining showing ASC specks formation in cardiomyocytes. Casp-1: caspase-1. \**p \< 0.05*, \*\**p \< 0.01*, \*\*\**p \< 0.001* and \*\*\*\**P \< 0.0001*.Fig. 5

3.6. Both NOX1/NOX4-derived ROS and mitochondrial ROS contribute to dox-induced NLRP3 inflammasome activation {#sec3.6}
-------------------------------------------------------------------------------------------------------------

Given that ROS plays central role in NLRP3 inflammasome activation \[[@bib29]\], we sought to know whether NOX1/NOX4-drived ROS involves in Dox-induced NLRP3 inflammasome activation. We found that Dox promoted expressions of NOX1 and NOX4 to activate NLRP3 inflammasome via ROS-dependent pathway ([Supplementary Figs. 2A--D](#appsec1){ref-type="sec"}). To further explore the role of NOX1 and NOX4, GKT137831 was used to specifically inhibit NOX1 and NOX4 activity *in vitro*. GKT137831 reduced intracellular ROS level and suppressed Dox-induced NLRP3 inflammasome activation in H9c2 cells, and the efficacy of GKT137831 was comparable to that of a well-known inhibitor of NOXs, DPI ([Fig. 6](#fig6){ref-type="fig"}A--B). Similarly, mitoTEMPOL, a mitochondria-targeted antioxidant agent, significantly inhibited Dox-induced mitochondrial ROS accumulation and NLRP3 inflammasome activation ([Fig. 6](#fig6){ref-type="fig"}C--D). These results indicated that both NOX1/NOX4-derived ROS and mitochondrial ROS contribute to Dox-induced NLRP3 inflammasome activation.Fig. 6**NOX1 and NOX4 contribute to NLRP3 inflammasome activation through Drp1-mediated mitochondrial fission**. (A, C and G) Representative flow cytometric image and quantitative analysis of intracellular ROS levels (A) or mitochondrial ROS levels (C and G) (n = 3). (B, D, F and H) Representative immunoblots and the corresponding quantification of the indicated proteins in H9c2 cells (n = 3). (E) Representative confocal microscopic images of MitoTracker and Drp1. Casp-1: caspase-1. \*\**p \< 0.01, \*\*\*p \< 0.001* and \*\*\*\**p \< 0.0001*.Fig. 6

3.7. NOX1 and NOX4 contribute to NLRP3 inflammasome activation through Drp1-mediated mitochondrial fission {#sec3.7}
----------------------------------------------------------------------------------------------------------

To dissect the origin of ROS, we tentatively examined the effect of Dox on mitochondrial morphology and Drp1 phosphorylation. Results showed that Dox induced dramatic mitochondrial fission (small punctuated mitochondria), translocation of Drp1 into mitochondria with an increase in Drp1 phosphorylation at Ser616 (p-Ser616) and a decrease in phosphorylation at Ser637 (p-Ser637) (indicator of Drp1 activation) ([Fig. 6](#fig6){ref-type="fig"}E--F). Mdivi-1 (Drp1 inhibitor) significantly blocked Dox-induced mitochondrial ROS accumulation ([Fig. 6](#fig6){ref-type="fig"}G). All these results indicated that Drp1-mediated mitochondrial fission was involved in Dox-induced mitochondrial ROS accumulation and NLRP3 inflammasome activation. Interestingly, the alteration of Drp1 phosphorylation, translocation of Drp1 into mitochondria and mitochondrial fission were all inhibited by GKT137831 upon Dox stimulation ([Fig. 6](#fig6){ref-type="fig"}E and H), indicating the essential role of NOX1/NOX4 in Drp1-mediated mitochondrial fission.

3.8. NOX1 and NOX4 facilitate Drp1 activation and mitochondrial fission in DCM {#sec3.8}
------------------------------------------------------------------------------

To confirm the Drp1-mediated mitochondrial fission in heart tissues, we checked Drp1 phosphorylation state and observed that Dox treatment promoted Drp1 activation, which was efficiently inhibited by GKT137831 treatment in heart tissues of mice ([Fig. 7](#fig7){ref-type="fig"}A). Changes of Drp1 phosphorylation were accompanied with the increased mitochondrial width, reduced mitochondrial length and mitochondrial length/width ratio in the myocardial tissues of Dox-treated mice, manifesting the very active mitochondrial fission, while these events were significantly attenuated by GKT137831 treatment ([Fig. 7](#fig7){ref-type="fig"}B). All results here indicated that Dox induced Drp1 activation and mitochondrial fission in myocardial tissues through NOX1 and NOX4 activation. Similar change in Drp1 phosphorylation was also observed in the myocardial tissues of DCM patients ([Fig. 7](#fig7){ref-type="fig"}C). Meanwhile, small spheroid mitochondria were also observed in patients, indicating the very active mitochondrial fission in the heart tissues of DCM patients ([Fig. 7](#fig7){ref-type="fig"}D).Fig. 7**NOX1 and NOX4 facilitate Drp1 activation and mitochondrial fission in DCM**. (A and C) Representative immunoblots and the corresponding quantification of the expression and phosphorylation of Drp1 in Dox-induced DCM mice (n = 6--8) (A) and human DCM patients (n = 9) (C). (B) Mouse myocardial TEM images and quantitative analysis of mitochondrial length, width, and the ratio of length to width (n = 6--8). (D) Myocardial TEM images showing mitochondrial morphology of DCM patients. Note: besides the morphology of small spheroid mitochondria (white arrows), disrupted myofibrils, dispersed and disorganized mitochondria with abnormal internal membrane whorls and cristae lysis were also observed. \**p \< 0.05*, \*\**p \< 0.01* and \*\*\*\**p \< 0.0001*.Fig. 7

3.9. Inhibition of NOX1 and NOX4 or Drp1 prevents NLRP3 inflammasome activation and cardiomyocyte pyroptosis {#sec3.9}
------------------------------------------------------------------------------------------------------------

To validate the possible disturbance of DCM via targeting the disclosed signaling, we treated both NRVCs and H9c2 cardiomyocytes with caspase-1 inhibitor YVAD and NLRP3 inhibitor MCC950. During pyroptosis, GSDMD-NT can combine with lipid in the plasma membrane and form large oligomeric pores, leading to the release of cellular contents and positive staining of dead cells, which can be determined by LDH release assay and 7-AAD staining. Contrary to the Dox alone treatment cells, in which include more population of active caspase-1^+^/7-AAD^+^ cells, higher LDH release, and more cleavage of caspase-1, IL-18 and GSDMD, both types of inhibitor efficiently interrupted all these events ([Fig. 8](#fig8){ref-type="fig"}A--D; [Supplementary Figs. 3A--C](#appsec1){ref-type="sec"}), suggesting the crucial role of caspase-1 in NLRP3 inflammasome-mediated cardiomyocyte pyroptosis. NLRP3 inflammasome activation and cardiomyocyte pyroptosis by Dox induction were also significantly blocked by GKT137831 and Mdivi-1 ([Fig. 8](#fig8){ref-type="fig"}A--D; [Supplementary Figs. 3D--F](#appsec1){ref-type="sec"}), indicating that targeting both NOX1/NOX4 and Drp1 would be a potential strategy in the type of pyroptosis-sufficient DCM.Fig. 8**Targeting NOX1 and NOX4 or Drp1 reduced cardiomyocyte pyroptosis in primary NRVCs**. (A) Representative flow cytometric dot plots and (B) the corresponding quantification showing active caspase-1^+^/7-AAD^+^ cells as pyroptosis population (n = 3). (C) LDH levels in supernatant (n = 3). (D) Representative immunoblots and the corresponding quantification of the cleavage status of caspase-1, IL-18 and GSDMD (n = 3). \**p \< 0.05*, \*\**p \< 0.01*, \*\*\**p \< 0.001* and \*\*\*\**p* \< 0.0001.Fig. 8

4. Discussion {#sec4}
=============

To the best of our knowledge, the present study provides the first *in vivo* evidence of cardiomyocyte pyroptosis in human heart tissues. Currently, loss of cardiomyocytes is believed due to apoptosis in DCM. Here, we demonstrate for the first time that hyperactivated NLRP3 inflammasome triggers pyroptotic cell death of cardiomyocytes, which is causally linked to the progressive myocardial dysfunction, culminating in DCM and end-stage HF. These findings uncover a novel and important event in the initiation and progression of DCM and HF. Mechanistically, we disclose for the first time that NOX1 and NOX4 facilitate Drp1-mediated mitochondrial fission, render ROS accumulation and the consequent NLRP3 inflammasome activation and cardiomyocyte pyroptosis in DCM. Analyses of the DCM patient tissues also validate these results. Moreover, inhibition of NOX1 and NOX4 successfully reverses the cardiomyopathy in mice. Therefore, targeting NLRP3 inflammasome activation or blocking pyroptosis of cardiomyocytes is potential therapeutical strategy for chronic cardiomyopathy and HF.

Narula et al. performed the first histochemical and histologic analysis in the myocardial tissues of patients with iDCM and indicated that apoptosis is one of the mechanisms leading to end-stage heart disease \[[@bib2]\]. Thereafter, accumulating evidence suggests that cardiomyocyte apoptosis is an important cause of cell loss in patients with DCM, leading to the progressive myocardial dysfunction, culminating in end-stage HF \[[@bib3],[@bib4],[@bib30]\]. Consistent with previous study which identified that apototic index (percentage of TUNEL positive-staining cardiomyocytes) ranged from 5.0 to 35.5 in four iDCM patients \[[@bib2]\], we found that the percentage of TUNEL positive-staining cardiomyocytes ranged from 9.16 to 32.47 in nine non-ischemic DCM patients. Previously, apoptotic cell death was identified by TUNEL-staining. Emerging evidence has demonstrated that both pyroptotic and apoptotic cells share some common features, including DNA fragmentation which can be labeled by TUNEL-staining \[[@bib31],[@bib32]\]. Therefore, cells undergoing pyroptotic cell death also stain positively with TUNEL. Given that pyroptosis is characterized as the inflammatory caspases (mainly caspase-1)-dependent programmed cell death, to distinguish the pyroptotic cells from the apoptotic cells, we validated the pyroptotic cells with the cleaved GSDMD status and disclosed that the pyroptotic cell has active caspase-1 and TUNEL double positive staining, wheras the apoptotic cell has active caspase-1^-^/TUNEL^+^ feature. We also found that pyroptotic cells were not uniformly distributed throughout the heart section, but clustered together irregularly. Importantly, both pyroptotic and apoptotic cells are mainly composed of cardiomyocytes, indicating that the cardiomyocytes death is the key cause of DCM. Our data also indicated that pyroptosis may play a more important role than apoptosis in DCM progression, as the percentage of pyroptotic cardiomyocytes is significantly higher than that of apoptotic cardiomyocytes. More importantly, the percentage of pyroptotic cardiomyocytes is positively correlated to cardiac dysfunction of DCM patients, indicating that cardiomyocyte pyroptosis might be an important cause for deterioration in cardiac function. Taken together, our findings uncover a novel and important pyroptosis effect in the pathogenesis of DCM, and highlight the alternative potential target for the therapies of chronic cardiomyopathy and HF.

Pyroptosis is associated with NLRP3 inflammasome activation. Although it was reported that mRNA levels of NLRP3 inflammasome components in peripheral blood mononuclear cells are higher in non-ischemic DCM patients than in healthy controls \[[@bib33]\], no evidence of NLRP3 inflammasome activation is observed directly in cardiomyocytes of DCM hearts. Here we clearly present that NLRP3 inflammasome is activated in cardiomyocytes to mediate pyroptosis for DCM pathogenecity. Followed NLRP3 inflammasome activation, the mature forms of IL-1β and IL-18 release through the GSDMD pores, which may initiate and expand inflammation and result in cardiac injury in DCM. Particularly, depletion of pyroptosis by knocking out *NLRP3* or *caspase-1* attenuates cardiomyopathy and improves cardiac function in mice. This finding discloses that NLRP3 inflammasome activation and caspase-1-dependent pyroptosis can sufficiently cause the non-ischemic DCM.

*In vitro* study demonstrated that Dox activated NLRP3 inflammasomes in bone marrow-derived macrophages and H9c2 cells \[[@bib34],[@bib35]\]. In our study, we further demonstrated that NLRP3 inflammasome is directly activated in Dox-treated non-immune primary rat cardiomyocytes. Moreover, we identified that Dox-stimulated cardiomyocytes show pyroptotic characters which are reversed by both caspase-1 and NLRP3 inflammasome inbibitors. These results reveal that Dox induces NLRP3 inflammasome-mediated pyroptosis via caspase-1 beyond immune cells, which is the potential cause to the direct myocardial damage.

Oxidative stress contributes to the progression of cardiomyopathy including DCM \[[@bib36]\]. Accumulating evidence supported ROS plays central role in NLRP3 inflammasome activation \[[@bib29]\]. NOXs are the major source of ROS in the cardiovascular system \[[@bib37]\]. We manifested that the upregulations of NOX1 and NOX4, but not NOX2, are positively correlated with NLRP3 inflammasome activation and pyroptosis in myocardial tissues of DCM patients, and dual NOX1/NOX4 inhibitor efficiently attenuates NLRP3 inflammasome activation and pyroptosis, as well as the consequent cardiac dysfunction in DCM mice. Moreover, in consistent with our results in DCM patients and mice, inhibition of NOX1 and NOX4 suppressed pyroptotic cell death of cardiomyocytes induced by Dox. Our results disclosed for the first time that NOX1 and NOX4 play a novel role in DCM progression via NLRP3 inflammasome activation and cardiomyocyte pyroptosis, which also indicates that NOX1 and NOX4 are promising targets for preventing DCM. Compared with the general application of ROS scavenger, targeting a specific source of ROS may be a safe strategy for combating oxidative stress in HF \[[@bib38]\]. The specific dual NOX1/NOX4 inhibitor, GKT137831, has been undergoing clinical evaluation for the treatment of diabetic nephropathy \[[@bib39]\]. Our data presented that GKT137831 had potential clinical implications for DCM therapy.

We further disclosed that mitochondrial ROS is involved in Dox-induced NLRP3 inflammasome activation. Recent study demonstrated that mitochondrial fission contributed to excess mitochondrial ROS production in Dox-treated mice \[[@bib40]\]. Drp1 is a ubiquitous protein for the dynamic regulation of mitochondrial fission. In response to cellular stress, the cytosolic Drp1 is translocated into mitochondria and promotes mitochondrial fission. Phosphorylation of Drp1 at Ser637 inhibits Drp1 activation and mitochondrial fission, whereas phosphorylation at Ser616 promotes mitochondrial fission \[[@bib41],[@bib42]\]. In the present study, Dox changes the phosphorylation status of Drp1 both *in vivo* and *in vitro*, which mediates mitochondrial fission and leads to excess mitochondrial ROS production. Accordingly, Drp1 inhibitor decreases mitochondrial ROS, as well as NLRP3 inflammasome activation and cardiomyocyte pyroptosis. Especially, DCM patients show similar changes in Drp1 phosphorylation and mitochondrial morphology, supporting that Drp1-mediated mitochondrial fission plays an important role in the pathogenesis of DCM. Interestingly, dual NOX1/NOX4 inhibitor decreases Drp1-mediated mitochondrial fission, suggesting an upstream signaling of NOX1/NOX4 to mitochondria fission or mitochondria ROS release. However, the detailed mechanisms need to be further explored.

Taken together, our results demonstrate for the first time that cardiomyocyte pyroptosis triggered by NLRP3 inflammasome activation via caspase-1 causally contributes to myocardial dysfunction progression and DCM pathogenesis. We used a Dox-induced non-ischemic DCM as a model to uncover the novel role and underlying mechanism of NLRP3 inflammasome in cardiomyocyte pyroptosis for the occurrence of the non-ischemic DCM, which hints a possible cause of DCM, including myocarditis and exposure to alcohol, drugs and toxins, and metabolic and endocrine disturbances. Expanding studies would be needed to characterize the detailed influences of the above factors in other DCM models. Given the current inefficiency in DCM therapy, targeting NLRP3 inflammasome or/and the related pyroptosis might be an effective alternative therapeutic strategy for chronic cardiomyopathy and HF.
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